The cortical control of forelimb motor function has been extensively studied, especially in the 42 primate. In contrast, cortical control of the hindlimb has been relatively neglected. This study assessed 43 the output properties of the M1 (primary motor cortex) hindlimb representation in terms of the sign, 44 latency, magnitude, and distribution of effects in stimulus-triggered averages of EMG activity recorded 45 from 19 muscles, including hip, knee, ankle, digit and intrinsic foot muscles, during a push-pull task in 46 comparison to previously reported data on the forelimb. Stimulus-triggered averages (15, 30 and 60 μA 47 at 15 Hz) of EMG activity were computed at 317 putative layer V sites in two rhesus macaques. 48
Running head: Cortical output to hindlimb muscles 
INTRODUCTION
Recently, we developed a method for chronically implanting EMG electrodes in large numbers of 94 hindlimb muscles (Hudson et al., 2010) . In the present study, we applied this method together with 95 stimulus-triggered averaging (StTA) of electromyographic (EMG) activity recorded from 19 muscles of 96 the hindlimb while the monkey performed a push-pull task, to investigate the sign, latency and magnitude 97 of poststimulus output effects based on a systematic exploration of hindlimb M1 cortex. The methods we 98 used are very similar to those of a previous study from our laboratory on the forelimb (Park et al., 2004 ) 99 allowing direct comparison of hindlimb and forelimb M1 output properties. Our results show that short 100 latency facilitation of hindlimb EMG activity is present in stimulus-triggered averages, however, the 101 magnitude of effects is substantially weaker than forelimb effects suggesting a much weaker synaptic 102 linkage. 103
104

MATERIALS AND METHODS 105
Behavioral task 106
Data were collected from the left primary motor cortex of two male rhesus macaques (Macaca 107 mulatta, ~10 kg, 6-7 years old). Both monkeys were trained to perform a hindlimb push-pull task 108 engaging both proximal and distal muscles in reliable and stereotyped patterns of activation (Hudson et 109 al., 2010). Within a sound-attenuating chamber, the monkey was seated in a custom primate chair with 110 both arms and the left leg restrained. With the right foot, the monkey gripped a manipulandum 111 (horizontal post) and extended the leg until the target zone was achieved. After a hold period of 500 ms 112 in the target zone, the monkey flexed the leg pulling the manipulandum to a second target zone. An 113 applesauce reward was given following a second hold period of 500 ms and the monkey repeated this 114 cycle. Visual and auditory cues guided the behavioral task. 115
MRI 116
The monkey's head was placed in an MRI-compatible stereotaxic apparatus and structural MRIs 117 in the sagittal, coronal and horizontal planes were obtained using a Siemens Allegra 3T system. A 3-118 dimensional reconstruction of each monkey's brain was produced using CARET software (Computerized 119
Anatomical Reconstruction and Editing Tool Kit) and this was used to confirm placement of the cortical 120
chamber. 121
Surgical procedures 122
Upon completion of training, each monkey was implanted with a titanium cortical recording 123 chamber (30 mm inside diameter) centered at anterior 13.5 mm, lateral 0 mm and 0° angle to the sagittal 124 plane (Paxinos et al., 2000) . Pairs of insulated, multi-stranded stainless steel wires (Cooner Wire, 125 AS632) were implanted during an aseptic surgical procedure (Hudson et. al., 2010) to record EMG 126 activity simultaneously from 19 muscles of the hindlimb. Briefly, pairs of wires were tunneled 127 subcutaneously to their target muscles from either four external connector modules (ITT Canon) affixed 128 to the upper arm with elastic medical adhesive tape (arm-mounted subcutaneous implant, monkey F) or an 129 external circular connector (Amphenol) affixed to the skull using dental acrylic (cranial-mounted 130 subcutaneous implant, monkey C). Each muscle was tested for proper placement of electrode pairs by 131 stimulating through the electrodes with brief stimulus trains (biphasic pulse, 0.2 ms/phase, ~50 Hz) while 132 observing the evoked movements. Wires were removed and reinserted if proper placement was not 133
confirmed. 134
EMGs were recorded from four hip muscles: gluteus maximus (GMAX), adductor brevis (ADB), 135 gracilis (GRA) and tensor fascia latae (TFL); six knee muscles: rectus femoris (RF), vastus lateralis (VL), 136 vastus medialis (VM), biceps femoris (BFL), semimembranosus (SEM) and semitendonosus (SET); five 137 ankle muscles: peroneus longus (PERL), medial gastrocnemius (MG), lateral gastrocnemius (LG), soleus 138 (SOL) and tibialis anterior (TA); two digit muscles: extensor digitorum longus (EDL) and flexor 139 digitorum longus (FDL); and two intrinsic foot muscles: extensor digitorum brevis (EDB) and flexor 140 hallucis brevis (FHB). In monkey C, the EMG leads to PERL were compromised shortly after the 141 implant. As a result, PERL was not included in the data set for monkey C. (AAALAC) accredited facility using full aseptic procedures. Postoperative analgesics (buprenorphine, 147 0.01 mg/kg) were administered for five days. Wound edges were inspected daily and treated with topical 148 antibiotic and Betadine (10% povidone-iodine) when necessary. 149
Data collection 150
EMG activity, cortical activity and task-related signals were simultaneously monitored and 151 recorded. Glass and mylar-insulated platinum-iridium electrodes (0.5-1.5 MΩ impedances, Frederick 152
Haer) were used to record cortical unit activity and for microstimulation. The electrode was positioned in 153 the recording chamber using a custom-built x-y positioner and advanced using a manual hydraulic 154 microdrive (Frederick Haer). Electrode penetrations were systematically made at 1 mm intervals in the 155 precentral cortex of the left hemisphere. Data were collected from putative layer V sites in the cortex. 156
All corticospinal neurons reside in layer V (He et al., 1993 (He et al., , 1995 , which is located about 1.5 mm below 157 the surface of the cortex. We used first activity as an indicator of the cortical surface and applied 158 stimulation 1.5 mm below first activity. In the convexity of the precentral gyrus this was the only site 159 stimulated because the electrode entered white mater with further advancement beyond the 1.5 mm site. 160
For penetrations down the bank of the precentral gyrus and the medial wall of the hemisphere, stimulation 161 continued at intervals of 0.5 mm below the first site at 1.5 mm. Besides depth, additional criteria for 162 identifying layer V sites included the nature and size of neuronal spikes as well as the strength of effects 163 in relation to nearby electrode tracks. For example, two sites adjacent one another and at the same depth 164 in the bank of the precentral gyrus were evaluated in terms of spike characteristics and strength of effects 165 to identify which one was layer V. Identification of layer V was aided by the fact that layer V pyramidal 166 cells in hindlimb cortex produce particularly large extracellular spikes. 167
In rhesus monkeys, the posterior border of SMA is located approximately 7 mm posterior to the representation from M1 we have found is on the dorsal surface rather than the medial wall of the 175
hemisphere. 176
At each cortical site, StTAs of EMG activity were collected at 15, 30 and 60 µA (15 Hz) for 19 177 muscles of the hindlimb as the monkey performed the push-pull task. Individual stimuli were 178 symmetrical biphasic pulses, 0.2 ms negative pulse followed by a 0.2 ms positive pulse, applied 179 throughout all phases of the task. EMGs were generally filtered at 30 Hz to 1 kHz, digitized at 4 kHz and 180 full-wave rectified. StTAs consisted of at least 500 trigger events and were compiled over an 80 ms 181 epoch, 20 ms pre-trigger and 60 ms post-trigger. To prevent averaging periods where EMG activity was 182 minimal or non-existent, segments of EMG activity associated with each stimulus were accepted for 183 averaging only if the average of all EMG data points over the entire 80 ms epoch was ≥ 5% of full-scale 184 input (McKiernan et al., 1998) . If PStEs were not detected at 60 µA, high frequency, long duration 185 intracortical microstimulation (HFLD-ICMS, 15-60 µA, 200 Hz, 500 ms) was applied to identify M1 186 regions representing muscles not implanted with EMG electrodes (e.g. trunk, tail and forelimb). Sensory 187 cortex was identified by the presence of distinctive spike activity in response to cutaneous stimulation. 188 EMG-triggered averages were computed to evaluate cross-talk between muscles (Cheney and 189 Fetz, 1980) . Averages of EMG activity were compiled for all 19 muscles using each muscle as the source 190 of triggers. This yielded a 'cross-talk peak' for each muscle as a trigger paired with all other muscles. If 191 the ratio of the cortically triggered effect for a pair of muscles was less than twice their cross-talk peak, it 192 was interpreted as an indication that much of the cortical effect may have been due to crosstalk and the 193 effect was eliminated (Buys et al., 1986) . No PStf or PStS had to be eliminated based on this criterion. 194
Data analysis 195
Poststimulus facilitation (PStF) and suppression (PStS) effects were computer measured as 196 This process has been described in detail by Park et al. (2001) . Briefly, the cortex was unfolded and two-217 dimensional maps were generated based on known architectural landmarks, MRI images, observations 218 during the cortical chamber implant surgery, electrode track x-y coordinates, electrode penetration depth 219 and properties of recorded neurons (Figure 2) . 220
221
RESULTS
222
Dataset 223 (Table 2B) . 237 Figure 2 shows the location of electrode penetrations and the complete hindlimb representation 238 maps for each monkey at 15, 30 and 60 μA. Blue represents sites with effects in StTAs of hindlimb 239 muscles. If an effect was not present in StTAs at 60 μA, we applied high frequency ICMS to define the 240 representation as either no effect, trunk (light green), tail (dark green) or forelimb (gray). For simplicity, 241 these representations are only shown in the 60 μΑ maps. Additionally, cutaneous sensory responses 242 judged to be from S1 are indicated in yellow. As expected, the size of the hindlimb representation 243 expanded with stimulus intensity in both monkeys. There was also a clear difference in the size of the 244 representations between the two monkeys at 15 and 30 μA, with monkey F showing a more limited 245 representation at the lower intensities but expanding at 60 μA to more closely match the size of the 246 representation in monkey C. This difference can be attributed to the fact that the effects in monkey C 247 were considerably stronger than those in monkey F. At 60 μA the total size of the representation 248 occupied an area of about 8 X 10 mm. The representation was largely on the medial convexity of the 249 precentral gyrus with only a small extension over the midline down the medial wall of the hemisphere. 250
The hindlimb representation was bounded anteriorly, laterally and medially by a trunk representation. 251
Tail representation was located on the medial wall extending onto the convexity of the medial 252
hemisphere. The hindlimb representation extended 12-13 mm anterior to the extrapolated intersection of 253 central sulcus and the midline. 254
Latency of effects 255
At 15 μA, the overall mean PStF onset latency was 15.5 ± 2.5 ms compared with a mean PStS 256 onset latency of 19.4 ± 3.1 ms (Table 2B) . These latencies were similar in both monkeys. Changes in 257 onset latency of effects with stimulus intensity are best appreciated from a subset of cortical sites in which 258 effects were present at each of the three stimulus intensities (Table 2A) . As stimulus intensity was 259 increased (15-30-60 μA), there was a slight decrease in the mean PStF onset latency (Table 2A) although 260 these changes did not achieve statistical significance. Overall, mean PStF onset latency increased the 261 more distal the joint of a muscle's action (Table 2B) . At 15 μA the PStF onset latencies of the proximal 262 muscles (hip and knee) were significantly different from all other muscles (p<0.05-0.001, 1-way 263 ANOVA) while there were no significant differences between the latencies of the distal muscles (ankle, 264 digit and intrinsic foot). At 30 and 60 μA, all PStF onset latency differences between joints were 265 significant (p <0.05-0.001, 1-way ANOVA) except ankle versus digit at 30 μA. Overall, the mean PStS 266 onset latency increased the more distal the joint of a muscle's action (Table 2B) . At 30 μA, the PStS 267 onset latency of the intrinsic muscles was significantly greater than that of the hip, knee and ankle 268 muscles (p<0.05-0.01, 1-way ANOVA). At 60 μA, all PStS onset latency differences between joints 269 were significant (p<0.01-0.001, 1-way ANOVA) except digit versus knee, digit versus ankle and intrinsic 270 versus ankle. The dataset for mean onset latency of PStS effects was too small for meaningful statistical 271 comparisons of effects across stimulus intensities (Table 2A) . 272 
Magnitude of effects 285
At 15 μA, the mean PStF magnitude, expressed as peak percent increase (ppi) above baseline, 286 was 23.8 ± 20.5 compared with -15.8 ± 5.2 for PStS (Table 2B ). The mean PStF magnitude increased 287 significantly as stimulus intensity increased (Table 2A, (Table 2B) are not appropriate for examining relationships between magnitude and intensity 290 because higher intensity stimulation recruits new muscles with weak effects that dilute the mean 291 magnitude. At all stimulus intensities, the magnitude of PStF was strongest in intrinsic muscles (about 292 double) compared to all other muscle groups and the differences were statistically significant in all cases 293 (Table 2B , p<0.01-0.001, 1-way ANOVA). The magnitudes of PStF in the digit, ankle, knee and hip 294 muscles were very similar and the small differences observed were not statistically significant. The 295 magnitudes of PStS were very similar in all muscles (Table 2B ). Only at 60 μA did any differences 296 become statistically significant with the magnitude of PStS being stronger in the ankle muscles compared 297 to the hip, digit and intrinsic muscles (p<0.05, 1-way ANOVA). The dataset for magnitude of PStS 298 effects was too small for meaningful statistical comparisons of effects across stimulus intensities ( Table  299   2A ). 300 Figure 4 shows the distribution of PStF magnitude at 15, 30 and 60 μA for muscles acting at 301 different joints of the hindlimb. Similar trends are seen at all stimulus intensities. At all joints, the 302 weakest effects are the most common, as evidenced by the skewed distributions. Muscles at all joints, 303 except the intrinsic muscles, have a narrow range of magnitudes focused heavily toward weak effects. At 304 60 μA the vast majority of effects in all muscles, except intrinsic foot muscles, had magnitudes below 50 305 ppi. In contrast, 46% of effects in intrinsic foot muscles had a magnitude of 50 ppi or greater. Moreover, 306 the maximum PStF magnitude observed at each stimulus intensity was from one of the intrinsic foot 307 muscles (149 ppi, FHB, 15 μA; 188 ppi, EDB, 30 μA; 353 ppi, EDB, 60 μA). 308
There was a consistent trend among muscles at all joints for shorter PStF onset latencies to be 309 associated with stronger magnitudes. This correlation was statistically significant at the hip, knee and 310 ankle joints at 60 μA (p<0.05-0.01, 1-way ANOVA). 311
Distribution of PStEs 312
Figures 5A and B show the distributions of PStF and PStS effects in hip, knee, ankle, digit and 313 intrinsic foot muscles at 15, 30 and 60 μA. Of 209 PStF effects at 15 μA, 55% were in distal muscles 314 including 21% in ankle, 5% in digit and 29% in intrinsic foot muscles. Forty-five percent of PStF effects 315 were in proximal muscles including 14% in hip and 31% in knee muscles (Table 2B) . At 30 and 60 μA, 316 the number of PStF effects in distal and proximal muscles were nearly equal (51/49% respectively at 30 317 μA and 49/51% at 60 μA). In contrast, inhibitory effects showed a clear preference favoring distal 318 muscles. Of 50 PStS effects at 15 μA, 68% were in distal muscles including 44% in ankle, 2% in digit 319 and 22% in intrinsic foot muscles. Thirty-two percent of PStS effects were in proximal muscles including 320 12% in hip and 20% in knee muscles. Similar trends were observed at 30 and 60 μA. The numbers of 321 recorded distal and proximal muscles were nearly equal (9 versus 10 respectively) and cannot account for 322 these differences. Also, electrode tracks were placed systematically throughout the entire hindlimb 323 cortical representation so there was no bias to preferentially sample one part of the representation over 324 another part. very similar across all other muscles groups. Suppression effects were more variable than facilitation 330 effects, however, it is clear there tended to be fewer suppression effects in the knee muscles than other 331 muscle groups at 30 and 60 μA. These differences were consistent in the data collected from each of the 332 two monkeys. 333
Differences in the distribution of effects to flexor and extensor muscles were also evident both in 334 the summed effects for each muscle group after normalizing for number of muscles tested ( Figure 6 ) and 335 in the individual muscle data (Figure 7) . At the knee joint, facilitation of the extensors (dark bars) 336 dominated while at the hip joint, the flexors (light bars) were more commonly facilitated. This was true at 337 all stimulus intensities. Taking into account all stimulus intensities, PStF was similarly distributed 338 between flexor and extensor muscles at distal joints. PStF was much more common in all muscle groups 339 and all intensities than PStS (Figure 7 ). However, it should be noted that we only counted PStS effects if 340 the effect was a pure suppression and not preceded by PStF. In many cases a clear dip followed the PStF 341 effect. These biphasic effects were not included for suppression because of uncertainty about the 342 underlying mechanism (real inhibition versus post-excitatory suppression) and uncertainties in measuring 343 latency and magnitude. The prominence of facilitation effects in the intrinsic muscles is also evident 344 (Figures 6 and 7) our data collection that 15 μA stimuli were substantially less effective in hindlimb cortex than in forelimb 358 cortex. We had far fewer effects and the effects overall were weaker. Consequently, we performed 359 StTAing using three stimulus intensities (15, 30 and 60 μA). Our results are significant in presenting a 360 comprehensive dataset on the properties of cortical output to hindlimb muscles at each joint from the hip 361 to intrinsic foot muscles. The results show that a clear, short-latency PStF can be elicited using stimulus-362 triggered averaging of EMG activity and this effect can be used to define the borders of the hindlimb 363 representation in primary motor cortex. An important aspect of this study is that the data can be directly 364 compared to data from forelimb M1 obtained using very similar methods. 365 However, it is interesting that there was considerable variability by joint in the extent to which forelimb 371 and hindlimb PStF differed. The greatest difference was in digit muscles located in the forearm or lower 372 leg where forelimb PStF was more than five times greater than hindlimb PStF. The difference in PStF 373 magnitude at all other joints was considerably smaller. PStF in muscles acting at the wrist was about 374 three and a half times greater than that of muscles acting at the ankle. The difference for muscles acting 375 at the knee/elbow was smaller yet (2-fold) and muscles at the hip and shoulder were essentially equal in 376 magnitude. The intrinsic foot/hand muscles are an interesting case where the difference in magnitude of 377
Comparison of hindlimb and forelimb M1 properties 366
PStF for hand muscles is 2.2 times greater than foot muscles -less than the difference for non-intrinsic 378 digit muscles. 379
There were additional differences in forelimb and hindlimb PStF. The magnitude of forelimb 380
PStF increased consistently at each joint in going from the most proximal muscles (shoulder muscles) to 381 the most distal muscles (intrinsic hand muscles). PStF in hindlimb muscles did not show this consistent 382 increase. Rather, PStF magnitude was similar at all joints except the intrinsic foot muscles, which had a 383 magnitude about double that of all the other muscles. 
Distribution of PStF to hindlimb compared to forelimb muscles 415
The distribution of output effects from M1 cortex to different muscle groups of the hindlimb and 416 forelimb provides another interesting contrast (Table 3) . After normalizing for the number of muscles 417 recorded at each joint, the percent of forelimb PStF effects in wrist, digit and intrinsic hand muscles was 418 essentially equal. The number of effects dropped off slightly for elbow muscles and quite drastically for 419 shoulder muscles. In contrast, the percent of hindlimb PStF effects was similar across hip, knee and ankle 420 muscles but was three and a half times greater for intrinsic foot muscles. The low number for non-421 intrinsic digit muscles at 15 μA is puzzling (Table 3) . At 30 and 60 μA, the relative number of PStF 422 effects in non-intrinsic digit muscles was nearly the same as the ankle, knee and hip ( Figure 5C ). 423
What stands out about the data in Table 3 is that, unlike the forelimb, hindlimb intrinsic foot 424 muscles had a disproportionately large percentage (47%) of the total number of effects obtained (Table 3) . 425
The number of effects obtained for each muscle group will be dependent on the size of the representation 426 of the muscles in M1 cortex -the greater the territory devoted to a particular muscle group, the larger the 427 number of effects that will be observed. Of course, this assumes the strength of the linkage is above a 428 minimum threshold for detection. 429
Interpretation of differences in effects at forelimb and hindlimb 430
Assuming that monosynaptic linkages will produce the strongest PStF effects compared to 431 polysynaptic linkages, just as they produce the strongest effects in spike-triggered averages of EMG 432 activity, the differences in magnitude of PStF for hindlimb muscles compared to forelimb muscles might 433 be explained as differences in the strength of the monosynaptic component of the synaptic linkage to 434 Number of PStEs at 60 PA 
